In the present study plate-impact pressure-shear friction experiments are conducted to study dynamics of high-speed slip at metal-on-metal interfaces. By using a CH tool-steel/Ti-6Al-4V tribo-pair and appropriate selection of the flyer and target plate thicknesses, the experiment has been used to investigate the frictional resistance of sliding interfaces subjected to step changes in slip rates. In order to describe the frictional memory effects a model based on Ruina-Dieterich slip law has been utilized. It is noted that the model parameter a in the range of 0.01-0.25 with characteristic lengths of L =5-7 m provides a reasonably good fit to the experimental data.
I. INTRODUCTION
The understanding of frictional response of material interfaces subjected to sudden variations in slip rate and normal stress is important in the characterization of slip weakening during dynamic rupture events. In this regard, the dependence of friction stress on sliding rates of up to a few mm/ s at constant normal stress has been well documented in the literature. Motivated by experimental studies of rock friction, Dieterich 1 and Ruina 2 introduced a rate and state variable constitutive law, known as Dieterich-Ruina law, in which the friction stress depends both on the slip rate V and the state of the surface in the form = ‫ء‬ + A ln͑V/V ‫ء‬ ͒ + B ln͑V ‫ء‬ /L͒, ͑1͒
where A, B, and L are constants, and ‫ء‬ and V ‫ء‬ are reference values of friction stress and sliding velocity, respectively. Generally, ‫ء‬ , A, and B are considered to be proportional to the effective normal stress, and the term ln͑V / V ‫ء‬ ͒ 3-8 is attributed to thermally activated creep at the asperity contacts. The dependence of the friction stress on the properties of the contacting asperities is represented by the evolution of a state variable .
1,2,9-14 For V ‫ء‬ in the range of 10 −9 -10 −3 m / s, ‫ץ‬ / ‫ץ‬V Ͼ 0; A and B are typically of the order of 2%-4% of ‫ء‬ .
Based on the work of Dieterich, 1 Ruina 2 introduced two empirical laws that are used widely to describe the evolution of the state variable . In one form, called the RuinaDieterich slip law, the evolution of the state variable is given by = − ͑V/L͒ln͑V/L͒. ͑2͒
Here, the state evolves only during slip, i.e., when V 0. Another widely used state evolution law, referred to as the Dieterich-Ruina aging ͑or slowness͒ law, the state variable is interpreted as an effective time of contact of surface asperities. State evolution by this law is described by the equation
An important feature of this law is that friction evolves logarithmically with time even under stationary contact ͑V =0͒.
Hence it is called the aging law. See Refs. 15-17 for further discussions and comparison of slip predictions based on these laws. A drawback of the logarithm form ͓Eq. ͑1͔͒ is that the stress is not defined for V = 0. The logarithm form was derived from purely empirical considerations to match experimental observations. 1, 2, 9 However, it can be provided with a theoretical basis, in that such a form would result if the direct velocity effect were due to stress biasing of the activation energy in an Arrhenius rate process at contact junctions, at least in the range for which forward microscopic jumps, in the direction of shear stress, are overwhelmingly more frequent than backward jumps. To account in a simple way for backward jumps, which could not be neglected near V =0, we solve Eq. ͑1͒ for V, identifying the factor exp͑ / A͒, which then appears as the stress biasing of forward jumps, and replace it by ͓exp͑ / A͒ − exp͑− / A͔͒ to account for backward jumps too. This procedure, used by Rice and Ben-Zion 17 and Ben-zion and Rice, 18 replaces Eq. ͑1͒ with the regularized form
During forward sliding at rates of order V ‫ء‬ , the modification to exp͑ / A͒ is of the order exp͑−2 ‫ء‬ / A͒ or less, where ‫ء‬ / A ϳ 50, and so this is a negligible change from Eq. ͑1͒. This regularization assures that as one of or V tends to zero, so does the other.
For both the Dieterich-Ruina aging ͑or slowness͒ law and the Ruina-Dieterich slip law at steady state
It is clear that the frictional stress at steady state decreases with increasing velocity when B Ͼ A.
Earthquake ruptures, however, involve sliding speeds three orders higher than those studied in the past. 19 The parameters of the state and rate dependent friction laws at such high sliding speeds are not currently understood. In this paper, we make an attempt toward the description of the velocity dependence of friction stress at such high speeds. In this regard, in the present study, plate-impact pressure-shear experiments are conducted to study the phenomena of highspeed slip at metal-on-metal interfaces at slip speeds in the range of 30-50 m/s. Moreover, by using a tool-steel/Ti6Al-4V tribo-pair with appropriate flyer and target plate thicknesses, the experiment is used to investigate the frictional response of sliding interfaces subjected to sudden changes in slip velocity while maintaining the same normal pressure, thus allowing the study of frictional memory effects due to variation in slip rate. By comparing the model predictions of the Ruina-Dieterich slip with the experimental results, parameters that describe memory effects of slip rate under these conditions are characterized.
II. PLATE-IMPACT PRESSURE-SHEAR FRICTION EXPERIMENT

A. Experimental configuration
The schematic of the plate-impact pressure-shear friction experiment 20 is shown in Fig. 1 . The experiment involves the impact of a flyer plate mounted on a projectile with a stationary target plate. The impacting plates are flat and parallel and are aligned such that the angle between the normal to the plane of impact and the flyer velocity vector is . This results in pressure-shear loading at the flyer-target ͑tribo-pair͒ interface. During the experiment the impact velocity and the normal and transverse particle velocity history of the free surface of the target plate are measured by a laser interferometer. These measurements are used to infer the normal and shear tractions, slip speed, and slip distance at the frictional interface.
In the pressure-shear friction experiments reported here, the impact velocity and the skew angle of the projectile are controlled such that the flyer and target plates remain elastic during impact. Also, all measurements of the normal and transverse components of particle velocity at the rear surface of the target plate are made before the arrival of the unloading waves at the monitoring point. In view of this, during the time interval of interest, the impacting plates can be considered to be essentially infinite in their spatial dimensions and the tribo-pair to be modeled as a semi-infinite half-plane sliding on another. This simplification in the tribo-pair geometry allows one-dimensional ͑1D͒ elastic wave theory to be used in the interpretation of the experimental results.
An 82.5 mm bore single-stage gas gun at Case Western Reserve University is used to conduct the plate-impact pressure-shear friction experiments. Using this gas gun, a fiberglass projectile carrying the flyer plate is accelerated down the gun barrel by means of compressed nitrogen gas. The rear end of the projectile holds a sealing O-ring and a plastic key which slides in the keyway in the barrel to prevent rotation of the projectile. Impact occurs in a target chamber that has been evacuated to 50 m of Hg to reduce the air cushion between the flyer and the target at impact. The velocity of the projectile is measured to an accuracy of 1% or better by recording the times at which a series of voltage biased thin wires is shorted by contacting the flyer. To ensure the generation of plane waves with wave fronts sufficiently parallel to the impact face, the flyer and the target plates are carefully aligned to be parallel to within 2 ϫ 10 −5 rad by using an optical alignment scheme developed by Kumar et al. 21 The actual tilt between the two plates is measured by recording the times at which four, isolated, voltage-biased pins that are flush with the surface of the target plate are shorted to ground. The acceptable level of tilt in the experiments is of the order of 0.5 mrad.
An argon-ion laser with a wavelength of 514.5 nm is used to provide a coherent monochromatic light source for a laser interferometer. Both the normal and transverse particle displacements are measured using the combined normal displacement interferometer ͑NDI͒ and transverse displacement interferometer ͑TDI͒ introduced by Kim et al. 22 Using this interferometer the normal displacement of the rear surface of the target plate is measured by combining a reference beam and a beam reflected from the target such that one peak to peak variation in the intensity of the light corresponds to a displacement of / 2, where is the wavelength of the laser light in use. The TDI is based on the phase difference between two Nth order beams diffracted from a grating deposited on the rear surface of the target. The TDI sensitivity is given by ⌬v = d / 2n, where d is the pitch of diffraction grating and n is the order of diffracted beams used ͑in our case n =1͒. The interference signals from the NDI and TDI are detected by photodiodes having a rise time of less than 1 ns. The output of the photodiodes is amplified by wide band amplifiers and then recorded on high-speed digital oscilloscopes. A digital data processing program is used to process the interferometer signals and to calculate the normal and transverse particle velocities.
B. Tribo-pair materials and specimen preparation
The tribo-pair materials employed in the present investigation comprise a tool grade ͑D3͒ Carpenter Hampden steel and commercially available Ti-6Al-4V alloy. The Carpenter Hampden tool steel represents the target plate while the Ti6Al-4V alloy represents the flyer. The physical properties of these materials are shown in Table I . The Carpenter Hampden steel plate is 71 mm in diameter and approximately 6 mm in thickness while the Ti-6Al-4V plate is 76 mm in diameter and approximately 13 mm in thickness. Both sides of the target and the flyer are ground flat using a surface grinder. Four copper pins, isolated electrically from the target, are placed in slots near the periphery of the impact face. The first contact of any one of these pins with the flyer provides the triggering signal for the recording system. Moreover, as mentioned earlier, these pins are used to determine the tilt between the target and flyer faces at impact. Both the specimen and the flyer are lapped flat on both sides to within two to three Newton's rings over the diameter. Lapping is performed on a Lapmaster machine using 14.5 m aluminum oxide powder in mineral oil. A Hommel ® T500 diamond stylus surface profile measurement device is used to determine the surface roughness profiles of the lapped target and the flyer plates. The flyer and the target surfaces are polished on Texmeth cloth using 3 m diamond paste. This procedure allows the surface roughness of the Carpenter Hampden steel plate to be 0.02 m ͑rms͒ without losing its flatness. The corresponding ranges for the flyer plates are 0.07 m for Ti-6Al-4V.
In order to measure the combined normal and transverse particle displacement at the rear surface of the target plate, a holographic diffraction grating of 600 lines/mm is used. To fabricate the grating, one side of the target plate is lapped to a flatness of two to three Newton's rings over the diameter and then polished to a mirror finish using 3 m diamond paste. After being cleaned the surface is coated with a thin layer of Shipley Microposit ® Photo resist S1813. The coated plates are then exposed to blue laser light ͑as the coating is sensitive to ultraviolet light͒. Two beams of the laser are made to intersect on the surface of the target such that they generate approximately 600 lines/mm. The grating is then developed in a mixture of one part of Shipley Microposit ® developer 303A and four parts of de-ionized water. The quality of the grating is checked by monitoring the diffracted beams from the grating surface.
III. DESIGN OF THE EXPERIMENT: WAVE PROPAGATION IN THE TARGET AND FLYER
To investigate the dynamic sliding characteristics of the frictional interface, the thickness of the flyer and the target plates is designed such that the time for longitudinal wave propagation through the thickness of the flyer plate is greater than the corresponding round-trip time of the shear waves in the target plate and the unloading waves generated at the lateral boundary. Under these conditions, when the longitudinal wave reflected from the free surface of the target plate arrives at the target/flyer interface, the normal pressure at the frictional interface is changed instantaneously. Since the longitudinal impedance of the flyer plate is less than the longitudinal impedance of the target plate, it results in a step drop in the applied normal pressure. Also, when the shear wave reflected from the target free surface arrives at the frictional interface it produces a new frictional state while maintaining the same normal pressure. Thus, three distinct dynamic friction states are obtained in the experiment. 23 The wave propagation in the target and flyer is illustrated schematically in the time-distance diagram shown in Fig. 2 . The abscissa represents the spatial position of the wave front at any particular time and the ordinate represents the temporal location of the wave front. At impact, both longitudinal and shear waves are generated at the tribo-pair interface and travel through the thickness of the flyer and the target plates. In Fig. 2 rear surface of the target plate an unloading wave is generated which propagates back toward the tribo-pair interface. When this unloading wave arrives at the frictional interface it reduces the applied normal pressure from 1 to 2 . The corresponding friction stress is denoted by 2 . The new frictional state hence produced is called state 2 and allows investigation of dynamic sliding characteristics of the frictional interface subjected to sudden changes in normal pressure. The first arrival of the shear wave at the rear surface of the target plate is denoted by B. The shear wave reflects from the free surface of the target plate and arrives at the frictional interface to produce a change in the applied shear stress while maintaining the same normal stress. This new friction state is denoted as state 3. The corresponding friction stress and slip velocity in state 3 are denoted by 3 and V 3 , respectively. Thus, state 3 allows the investigation of the interfacial friction stress versus slip velocity relationship at constant normal pressure.
For the Ti-6Al-4V/CH steel tribo-pair employed in the present experiments the duration of state 1 is approximately 1900 ns, followed by state 2 of duration 1600 ns, and state 3 of duration 300 ns. During the transition from state 1 to state 2 the normal pressure 2 Ϸ 0.33 1 .
IV. WAVE ANALYSIS OF PRESSURE-SHEAR FRICTION EXPERIMENTS: CALCULATION OF INTERFACIAL TRACTIONS, SLIP VELOCITY, AND SLIP DISTANCE
Using the method of characteristics for 1D hyperbolic wave equations, the components of traction at the frictional interface, the slip velocity, and the accumulated slip displacement can be related to the normal and transverse components of the measured free surface particle velocity history of the target plate and the shear and longitudinal impedances ͑c 1 ͒ and ͑c 2 ͒, respectively.
A. State 1
Before impact the flyer and the target plates are unstressed. The target is held stationary while the flyer is accelerated to a velocity V 0 . From the knowledge of the angle of inclination of the projectile, the initial normal and transverse particle velocities, u 0 and v 0 , respectively, of the flyer plate are given by u 0 = V 0 cos and v 0 = V 0 sin . ͑6͒
When the flyer impacts the target, both normal and transverse components of particle velocity are imposed on the impact face of the target. A longitudinal compression stress wave with wave speed c 1 and a shear ͑transverse͒ stress wave with wave speed c 2 propagate into the flyer and target plates. From 1D analysis of the governing hyperbolic partial differential equations, the stress and the particle velocity relations, which hold along the characteristics, are given by
In Eqs. ͑7͒ and ͑8͒, and are the normal and shear stresses, u and v are the normal and transverse components of the particle velocity, is the mass density, and ͑c 1 ͒ and ͑c 2 ͒ are the longitudinal and shear impedances of the impacting plates, respectively. Using Eqs. ͑6͒-͑8͒ along with the initial conditions, the components of traction at the interface between the flyer and the target can be expressed as
In Eqs. ͑9͒ and ͑10͒, v a ͑t͒ and u a ͑t͒ are the transverse and the normal particle velocities at the rear surface of the target plate that have been shifted appropriately in time so as to synchronize them at the frictional interface, and the subscript t refers to the target plate. Please note that the normal stress 1 is expressed as positive in Eq. ͑9͒, even though the stress is compressive.
When slip occurs at the flyer-target interface, the measured free surface velocity of the target plate can be used along with Eqs. ͑9͒ and ͑10͒ to obtain the coefficient of kinetic friction
͑11͒
From the knowledge of the impact velocity V 0 , skew angle , the shear impedances of the flyer and the target plates, and the measured free surface transverse velocity v a ͑t͒, the slip velocity in state 1 can be expressed as
͑12͒
The accumulated slip distance can be obtained from Eq. ͑12͒ by integrating the slip velocity in time
B. State 2
When the compressive longitudinal wave reflects from the free surface of the target plate it reduces the compressive normal stress at the interface from 1 to 2 ,
For the Ti6Al4V/CH tool-steel tribo-pair employed in the present experiments the ratio 2 / 1 = 0.33. The friction stress and slip velocity can be obtained by solving the characteristic relations for state 2 and can be expressed as
and
C. State 3
When the shear wave, reflected from the free surface of the target plate, arrives at the tribo-pair interface it produces a change in friction state by altering the applied shear stress at the tribo-pair interface while maintaining the same normal stress. Thus, the measurements made during state 3 are a direct probe of the relationship between the friction stress and slip velocity at constant normal pressure. The corresponding relations for interfacial tractions and slip velocity can be obtained by solving the characteristic relations for state 3 and can be expressed as Table II summarizes the experiment used in the present study. Ti6Al4V was used as the flyer plate while Carpenter Hampden tool-steel plate was used as the target. The impact velocity for the experiment was 95 m/s while the skew angle was 35°. By appropriate selection of the flyer and target plate thicknesses, the tribo-pair interface was subjected to sudden changes in normal stress and in applied shear stress. Figure 3 shows the free surface normal and transverse velocity history for shot 9702. The abscissa represents the time after impact. The compressive longitudinal wave arrives at the rear surface of the target at approximately 1100 ns. Upon arrival of the longitudinal wave the normal particle velocity jumps to 55.8 m/s. The rise time associated with this jump is approximately 10 ns. The second step rise in normal particle velocity occurs at approximately 2900 ns and is due to the arrival of the reflected longitudinal wave from the tribo-pair interface. This level of the normal particle velocity is consistent with the normal pressure drop at the frictional interface during the transition from state 1 to state 2. Thereafter, the normal particle velocity remains constant since the transition from state 2 to state 3 involves a change in the applied shear stress at the frictional interface while maintaining the same normal pressure.
V. EXPERIMENTAL RESULTS AND DISCUSSION
The first arrival of shear wave at the free surface of the target plate occurs at approximately 1900 ns. The latter arrival of the shear wave relative to the longitudinal wave is consistent with the lower wave speed of the shear wave compared to the longitudinal wave. The drop in free surface transverse particle velocity at approximately 3600 ns is due to the step drop in normal pressure and indicates the beginning of state 2. With the drop in normal pressure a smaller level of transverse particle velocity is transmitted across the friction interface. The following rise in the free surface transverse particle velocity at approximately 5250 ns indicates the beginning of state 3. Since the levels of the transmitted particle velocity in the three states are much lower than their corresponding no-slip predictions, the frictional interface is understood to be in a state of dynamic slip. Figure 4 shows the history of the interfacial normal pressure, friction stress, and interfacial slip velocity as a function of time for shot 9702. These quantities are obtained from the measured normal and transverse free surface particle velocity profiles depicted in Fig. 3 in conjunction with Eqs. ͑9͒-͑19͒. During state 1, the normal pressure 1 at the frictional interface is 1.3 GPa. Immediately after the application of pressure-shear loading, the frictional interface jumps to a state of steady state sliding characteristic of the surface roughness and the applied normal pressure. In this steady state the transmitted shear stress 1 is approximately 0.18 GPa and the slip velocity V 1 is 34 m/s. The steady state continues up to 1800 ns when the arrival of the unloading normal wave from the free surface of the target plate results in a step drop of normal pressure. During the transition from state 1 to state 2, the unloading longitudinal wave reduces 
A. Estimation of the parameters a and L in the state and rate dependent friction laws
In order to estimate the parameters a ͑ = A / ͒ and L, we will make use of the experimental results that describe the transition from state 2 to state 3 in Fig. 4 . From Eqs. ͑6͒-͑19͒, the shear stress and the sliding speed V at the interface when the reflected shear wave reaches the interface can be expressed in the form 3 
For the combination of flyer and target materials employed in shot 9702, ␣ = 0.718 and ␤ = 8.945 kg/ m 2 s. Further, we assume a friction law with a logarithmic dependence in velocity V as described in Eq. ͑1͒, and a state variable of the form described in Eq. ͑2͒ is operative at the interface 3 
B. Summary
In the present study plate-impact pressure-shear friction experiments are conducted to study the dynamics of highspeed slip behavior at metal-on-metal interfaces. By using a CH tool-steel/Ti-6Al-4V tribo-pair and appropriate selection of the flyer and target plate thicknesses, the experiment has been effectively used to investigate the dynamics of sliding interfaces subjected to sudden changes in slip rates. In order to describe the frictional memory effects a model based on Ruina-Dieterich slip law has been utilized. It is noted that the model parameter a in the range of 0.01-0.25 with characteristic lengths of L =5-7 m provides a reasonably good fit to the experimental data.
These values of the parameter a are in the range of those estimated earlier by Ruina, 2, 24 where using a servo control based on displacement measurements they estimated a in quartzite to be ϳ0.009 at slip rates of the order of mm/s. For granite at room temperature, Linker and Dieterich, 25 using a servo-control system similar to Ruina, 2,24 reported a = 0.0104Ϯ 0.0007, which were slightly higher than the range a ϳ 0.004Ϯ 0.0075 given earlier by Tullis and Weeks 26 from measurements in a less stiff torsional apparatus.
